Adult renal proximal tubules are composed of terminally differentiated epithelial cells that exhibit few signs of proliferation over time. However, upon acute kidney injury (AKI), surviving epithelial cells can re-enter the mitotic cycle and express genes and proteins coincident with a dedifferentiated, more embryonic phenotype. While a stable, terminally differentiated cellular phenotype is thought to be maintained, at least in part, by epigenetic imprints that impart both active and repressive histone marks, it is unclear whether regenerating cells after injury need to replicate such marks to recover. To test whether renal epithelial cell regeneration is dependent on histone H3K4 methylation, we generated a mouse model that deleted the Paxip1 gene in mature renal proximal tubules. Paxip1 encodes the adaptor protein PTIP, which is part of an Mll3/4 histone H3K4 methyltransferase complex and is essential for embryonic development. Mice with PTIP deletions in the adult kidney proximal tubules were viable and fertile. Upon acute kidney injury, such mice failed to regenerate damaged tubules leading to scarring and interstitial fibrosis. The inability to repair damage was likely due to a failure to re-enter mitosis and reactivate regulatory genes such as Sox9, which is necessary for epithelial cell regeneration. PTIP deletion reduced histone H3K4 methylation in uninjured adult kidneys but did not significantly affect function or the expression of epithelial specific markers. A […] 
ABSTRACT
Adult renal proximal tubules are composed of terminally differentiated epithelial cells that exhibit few signs of proliferation over time. However, upon acute kidney injury (AKI), surviving epithelial cells can re-enter the mitotic cycle and express genes and proteins coincident with a dedifferentiated, more embryonic phenotype. While a stable, terminally differentiated cellular phenotype is thought to be maintained, at least in part, by epigenetic imprints that impart both active and repressive histone marks, it is unclear whether regenerating cells after injury need to replicate such marks to recover. To test whether renal epithelial cell regeneration is dependent on histone H3K4 methylation, we generated a mouse model that deleted the Paxip1 gene in mature renal proximal tubules. Paxip1 encodes the adaptor protein PTIP, which is part of an Mll3/4 histone H3K4 methyltransferase complex and is essential for embryonic development. Mice with PTIP deletions in the adult kidney proximal tubules were viable and fertile. Upon acute kidney injury, such mice failed to regenerate damaged tubules leading to scarring and interstitial fibrosis. The inability to repair damage was likely due to a failure to reenter mitosis and reactivate regulatory genes such as Sox9, which is necessary for epithelial cell regeneration. PTIP deletion reduced histone H3K4 methylation in uninjured adult kidneys but did not significantly affect function or the expression of epithelial specific markers. A transient decrease in trimethylation was also observed in controls after AKI but returned to normal after repair. Strikingly, cell lineage tracing revealed that surviving PTIP mutant cells could alter their phenotype and lose epithelial markers. These data demonstrate that PTIP and associated MLL3/4 mediated histone methylation are needed for regenerating proximal tubules and to maintain or reestablish the cellular epithelial phenotype.
INTRODUCTION
Epigenetic modifications of the genome are thought to impart cell and tissue specific patterns of gene expression and hence cellular phenotypes through the specific methylation of histone tails and the methylation of DNA at CpG islands (1, 2) . In development, histone modification correlates with the loss of pluripotency and the establishment of cell lineages and is thought to impart cellular memory whereby the epigenome of a progenitor cell provides a template for all subsequent derivatives (3, 4) . Such histone modifications are imprinted by the Polycomb and Trithorax families of epigenetic regulators that mark the epigenome with silencing or activating histone modifications respectively (5) (6) (7) . Still, the question remains as to just how stable such epigenetic modifications are and whether alterations in the epigenome can impact the initiation or progression of disease. Such questions are especially relevant in long-lived cell types, which are not mitotically active, but must be able to respond to injury in the event of tissue damage.
The proximal tubules of the adult kidney consist of stable, terminally differentiated epithelial cells, that have exited the cell cycle. If they are renewed, it is at a very slow rate, as few if any epithelial cells in a healthy adult kidney undergo cell division. However, in response to acute kidney injury, from ischemia or nephrotoxicity, the proximal tubule cells can regenerate damaged tubules (8, 9) . The best available evidence suggests that there are no defined proximal tubule stem cells, rather the surviving epithelial cells can become mitotically active and repopulate the damaged tubules (10) (11) (12) . This process of regeneration must require changes in gene expression of surviving epithelial cells, which may involve the reactivation of genes controlling development and proliferation.
Evidence suggests that the process of acute kidney injury and subsequent regeneration also requires alterations or resetting of the epigenome in proximal tubule cells. For example, loss of the polycystic kidney disease gene ADPK1 in non-dividing renal epithelial cells does not lead to cyst formation until the kidney is subjected to acute injury (13, 14) . Similarly, deletion of cilia in adult cells does not lead to cysts until acute injury is induced (15) . The transcription factor HNF1b activates the PKD2 gene in the developing kidney but is not required for continued PKD2 expression in an adult epithelial cell (16) , suggesting some degree of epigenetic memory in adult cells once the pattern of gene expression is set in development. However, upon AKI, HNF1b is again required to activate the PKD2 gene in regenerating proximal tubules.
These data strongly suggest that regeneration of proximal tubule cells requires a resetting of epigenetic memory. However, few studies have examined the role of epigenetic writers in AKI more directly.
In order to more directly test the requirement for epigenetic mechanisms in kidney regeneration, we utilized a conditional allele of Paxip1, which encodes the adaptor protein PTIP (Pax Transactivation-domain Interacting Protein). The PTIP protein is part of an MLL3/4 complex that imprints an active histone methylation mark at histone H3, lysine 4 (H3K4) (17, 18) . Prior work has shown that deletion of PTIP in terminally differentiated cells can alter the gene expression patterns in podocytes (19) or cardiac myocytes (20, 21) , but does not lead to an immediate disease phenotype. In this report, we utilized a Pepck-Cre driver strain to delete PTIP in differentiated mouse proximal tubule cells. The kidneys of mice carrying the PTIP deletion appeared normal with little evidence for loss of kidney function or other gross abnormalities.
However, when such mice were subjected to AKI, the ability to repair and repopulate damaged tubules was severely compromised. These data show that de novo histone H3K4 methylation is necessary for differentiated cells to re-enter mitosis and regenerate the kidney. These data suggest that the epigenome of a differentiated cell, while stable under normal conditions, must require new histone methylation to reset or replicate the epigenome once cells are stimulated to divide.
RESULTS

Creating Proximal Tubule Specific PTIP Deletions
Deletion of PTIP in more terminally differentiated cells, such as podocytes or cardiac myocytes, suggested that differentiated cells did not immediately require the Mll3/4 H3K4 methyltransferase activity for function. To test whether the PTIP dependent H3K4 methylation was important for recovery from acute renal injury, we utilized a conditional Paxip1 floxed allele and a Pepck-Cre driver strain to delete PTIP in a subset of proximal tubule epithelial cells. Some mice also carried the Gt(Rosa)26Sor tm4(ACTB-tdTomato,-EGFP)luo reporter allele which expresses a membrane bound tomato red protein in all cells but switches to a membrane EGFP in cells that have seen activated Cre recombinase ( Fig. S1A, B ). The Pepck-Cre transgene is expressed late in nephrogenesis when more mature proximal tubules are formed and is active in the S1, S2, and S3 segments of the nephron (22) . Active Cre can be easily discerned by reporter EGFP expression in the developing cortex of a newborn mouse kidney, but not in the nephrogenic zone, the medulla, or in the glomeruli (Fig. S1 ). In mice carrying two PTIP floxed alleles (Paxip1 F/F ) and the Pepck-Cre transgene, PTIP protein is clearly reduced in lysates from the kidney cortex of adults, but not in lysates from the medulla (Fig. S1C, D) . Similarly, immunostaining for PTIP protein in newborns shows a reduction of nuclear PTIP staining that is coincident with EGFP reporter expression in the Paxip1 F/F :Pepck-Cre (referred to as PTIP-) mice both in newborns and in adult kidney sections (Fig. S1 E-G). These data validate the specific deletion of PTIP in kidney proximal tubules.
Despite PTIP deletion, mice had no gross morphological phenotypes and remained healthy and fertile, suggesting that PTIP deletion at this stage of differentiation had little apparent effect on kidney development or function. Histology of adult kidneys from PTIP-and PTIP + mice appeared similar ( Fig. S2) , with no evidence of fibrosis or kidney injury as evaluated by staining for aSMA, Collagen IV, or kidney injury molecule 1 (Kim1). However, PTIP-kidneys did show low levels of Neutrafil gelatinase associated lipocalin (Lcn2/Ngal) staining in tubules that were more distal from the GFP marked proximal tubules that had deleted PTIP. Lcn2 is an early marker for tubular injury (23, 24) , suggesting that PTIP deletion in proximal tubules was not entirely benign.
PTIP Mutant Kidneys Fail to Regenerate After AKI
Adult mice with the proximal tubule PTIP deletion (Paxip1 F/F :Pepck-Cre, termed PTIP-) and controls (Paxip1 F/+ :Pepck-Cre or Paxip1 F/F , termed PTIP+) were subjected to AKI by injection of a single intraparitoneal dose of folic acid (FA). At a dose of 250 mg/kg, a nephrotoxic response is rapidly induced, resulting in an increase in serum creatinine and blood urea nitrogen (BUN) by 48 hours and significant proteinurea at 24 hours post FA ( Fig. 1A, B ) in both PTIP-and PTIP+ mice. We noted an increase in mortality among the PTIP-cohort with 51% mortality by 3 days post FA, compared to 12% for PTIP+ controls. However, the surviving PTIP-mice recovered renal function over time, as did the PTIP+ control mice (Fig. 1B) . During the acute phase, 2 days post FA, both PTIP-and PTIP+ kidneys exhibited significant tubular dilation, expression of Kim1 along the apical surfaces of dilated tubules, and increased aSMA staining activated fibroblasts within the interstitium (Fig. 1C ).
Among the surviving population, we examined the kidneys at 2, 7, 14 and 28 days post FA injections and assessed for damage and evidence of recovery. At 2 days post FA, both PTIPand PTIP+ kidneys exhibited increased aSMA staining activated fibroblasts within the interstitium (Fig. 2 ). By 7 days post AKI, the levels of aSMA staining began to decrease in PTIP+ kidneys yet remained high in the PTIP-kidneys. By 14 and 28 days post AKI, the PTIP+ kidneys had fully recovered with little evidence of prior damage. However, the PTIP-kidneys had significant evidence of fibrosis and scarring with areas denuded in tubules, that were replaced by aSMA positive cells and extracellular matrix deposits ( Fig. 2) . Given that the PTIPmice did recover renal function after 14 days, as measured by creatinine clearance and blood urea nitrogen, this suggests that not all proximal tubules were damaged with enough remaining to provide sufficient creatinine clearance.
We characterized the recovery from AKI in more detail. Quantitation of total aSMA was done by western blotting at 2, 7, 14, and 28 days post AKI and by immunostaining of kidney sections ( Fig. 3A-C) . These data revealed a significant increase in aSMA total protein and interstitial area in the PTIP-and PTIP+ mice at 2 days post AKI. However, as PTIP+ mice recover, the aSMA levels and interstitial areas decrease, whereas both metrics remain high in the PTIP-kidneys. Expression of Kim1 remains high along the apical surfaces of tubules at 7 days in both genotypes, but by 14 days PTIP+ kidneys show little Kim1 whereas many PTIP-tubules continue to stain strongly for Kim1 ( Fig. 3D ). Some residual Kim1 staining can still be detected 28 days post AKI in PTIP-kidneys but not in PTIP+ controls. Areas denuded in tubules in the PTIP-kidneys exhibit significant trichrome staining for cross linked collagen, which is not observed in the PTIP+ kidneys at 28 days ( Fig. 3E ).
Additional markers for renal proximal tubules were examined in uninjured kidneys and at various times post AKI (Fig. 4 ). The sodium dependent phosphate transporter Slc34a3 is expressed primarily in proximal tubules but decreases significantly 2 days post AKI. While PTIP+ kidneys exhibit re-expression of Slc34a3 by day 7, PTIP-kidneys do not and still exhibit less Slc34a3 by day 14. Kim1 and Lcn2 expression is strongly induced in both PTIP+ and PTIPkidneys at day 2 but is mostly cleared by day 7 in controls but persist strongly in PTIP-kidneys through day 14. Aqp1 is widely expressed in the renal cortex but is also reduced in PTIPkidneys by day 7 in areas denuded of tubules. These data strongly indicate a failure to recover from AKI in PTIP-proximal tubules.
PTIP Deletion Affects Cell Proliferation and H3K4 Trimethylation
The data suggest that PTIP-proximal tubule cells cannot regenerate efficiently after AKI.
In order to examine this more closely, we stained kidneys 2 days post AKI with anti-ki67 to assess proliferation ( Fig. 5A-C) , when the proliferative response after AKI peaks. The numbers of ki67 positive cells were reduced 4-5 fold in PTIP-kidneys compared to PTIP+ controls, indicating a clear deficiency in cellular proliferation after injury. Expression of Sox9 is also induced early in regenerating proximal tubule epithelial cells after AKI (25) and can clearly be seen in PTIP+ kidneys ( Fig. 5D-F ). However, no detectable Sox9 is observed in the PTIPkidneys. These data indicate that a failure to proliferate and express markers for regeneration underlies the inability to repair tubular damage in the PTIP-kidney.
In cell culture and in developing embryos (18, 26) , PTIP deletion results in a significant loss of histone H3K4 methylation . Thus, we examined levels of H3K4 di-and trimethylation by immunostaining and western blotting ( Fig. 6 ). Quantitative western blotting of acid extracted histones showed an approximately 40% reduction in the global level of H3K4me2/3 modifications ( Fig. 6A, B) , consistent with the known function for PTIP in H3K4 methylation.
No significant changes in H3K27 or H4K20 methylation were observed. We also stained kidney sections with antibodies specific for H3K4me3 ( Fig. 6C ) in uninjured and AKI subjected kidneys. While uninjured controls showed a uniform nuclear staining intensity, the PTIPkidneys had reduced staining intensity but only in epithelial cells that were also marked with EGFP reporter allele, indicating Cre activity and PTIP deletion ( Fig. 6C ). At 2 days post AKI, we noted a reduction in H3K4me3 staining in control kidneys, which correlated with Kim1 expression in injured tubules. PTIP-kidneys after AKI continued to show less H3K4me3 staining intensity in nuclei that lacked PTIP. After 28 days post AKI, control kidneys reverted back to a more uniform H3K4me3 staining pattern in nuclei, whereas the PTIP-kidneys did not.
We also noted that EGFP positive cells were seen in PTIP-kidneys 28 days after recovery that did not appear to be tubular at all, rather isolated clusters of cells with no lumens. These data demonstrate reduced levels of histone H3K4 methylation that could impact the ability of cells to re-enter mitosis and regenerate damaged proximal tubules.
PTIP Mutant Cells are Located Within Areas Denuded of Tubules
Lastly, we utilized a lineage tracing strategy to determine the fate of PTIP-cells after AKI. Using the dTtomato-Egfp Cre reporter allele in both PTIP-and PTIP+ genetic backgrounds and the Pepck-Cre driver, EGFP positive cells were found exclusively in the cortex and also stained positive for villin, indicating a proximal tubule phenotype with a brush border ( Fig. 7A ). These mice were examined 28 days post AKI to determine whether EGFP positive cells remained. Strikingly, in PTIP-kidneys many EGFP positive cells were found in the interstitium and in regions denuded of tubules. These EGFP+ cells did not stain for villin or Cadherin1 (Cdh1), indicating that they had lost their proximal tubule epithelial phenotype (Fig. 7 B,C). No such cells were found in PTIP+ kidneys 28 days after AKI, as all EGFP positive cells were found localized within villin positive, Cdh1 positive epithelial tubules. These data suggest that PTIP-cells can lose their epithelial phenotype, perhaps by dedifferentiation, but are unable to proliferate and repopulate the damaged tubules. Instead, some isolated PTIP-cells that survive have lost expression of villin and Cdh1 and appear as single cells or cluster with no obvious epithelial polarity. While this data suggests an epithelial-to-mesenchymal transition, the EGFP positive interstitial cells found in PTIP-kidneys do not express aSMA or PDGFra (data not shown), typical markers for interstitial fibroblasts during injury. Rather, the EGFP+ cells that have lost the epithelial phenotype may reflect damaged, dedifferentiated cells that cannot proliferate and revert back to the fully differentiated phenotype.
DISCUSSION
The epigenetic writers Mll3 and Mll4 (also known as KMT2C,D) are histone H3K4 methyltransferases that mark enhancers during development and cell lineage specification (27) .
These Mlls are homologues of the Drosophila Trithorax-related (Trr) methyltransferase and function within a large conserved, multi-protein complex (28, 29) . Among the co-factors necessary for Mll mediated H3K4 methylation are Ash2, Wdr5, Rppb5 (30) , and PTIP (17, 18) .
The multi-BRCT domain containing protein PTIP, encoded by the Paxip1 gene, is thought to bind Phospho-serine residues (31, 32) and link Mll3/4 to DNA binding proteins to imprint H3K4 mono, -di-and trimethylation in mammals (18) and in Drosophila (26) . The importance of Mll mediated H3K4 methylation in development is clearly demonstrated by early post gastrulation lethality in PTIP null mutant mice (33) . In leukemia, PTIP is needed to set a HoxA9 dependent pattern of histone methylation at enhancer sequences (34) . However, PTIP deletion in termianlly differentiated cells does not lead to catastrophic consequences in mice, as observed in cardiomyocytes (21) or glomerular podocytes (19) . In mature IgM positive B cells, deletion of PTIP impairs de novo H3K4 methylation at transcriptional start sites for new heavy chain constant domains upon isotype switching and prevents chromosomal looping to the IgM enhancer (35, 36) . In the developing kidney, temporal deletion of PTIP clearly impacts de novo gene expression without grossly affecting tissue specific markers expressed prior to deletion, clearly demonstrating an epigenetic effect on cellular memory (37) . However, none of these model systems addressed whether a regenerating cell after injury requires a resetting of histone methylation marks for recovery and repair. Given that regenerating cells are derived from fully differentiated epithelial cells, whose epigenetic marks are presumably imprinted and stable, the need for PTIP activity suggests an epigenetic resetting or de novo methylation of specific histone marks during regeneration.
The adult kidney nephron consists of differentiated, specialized epithelial cells, from the podocytes and parietal epithelium of Bowman's capsule, to proximal and distal tubules, and to the collecting ducts. In response to AKI caused by nephrotoxins or ischemia, only the proximal tubules are able to regenerate. Lineage tracing analysis clearly demonstrated that in response to sub-lethal doses of AKI, surviving proximal tubule cells were able to re-express developmental control genes, such as Sox9 (25, 38) and Pax2 (39), enter mitosis, and repopulate the tubular basement membrane along sites of injury (11, 40) . If enhancer sequences are marked by specific histone methylation patterns in differentiated cells and such cells are then pushed to re-enter mitosis, the question remains whether such patterns are replicated in the absence of PTIP mediated Mll3/4 activity. Failure to replicate such patterns in regenerating cells would indicate a loss of epigenetic memory and a potential alteration of phenotypes. This is precisely what we observe in PTIP-proximal tubule cells after folic acid induced AKI. Very few cells are in mitosis and none express the developmental marker Sox9 at 2 days after injury. The end result is scarring and loss of nephrons in animals that survive the initial dose of the nephrotoxin. It has been proposed that repeated bouts of AKI can lead to chronic renal insufficiency (41, 42) . While we have not tested this in our PTIP-model directly, the increased mortality observed with just a single dose and the fibrosis seen in surviving animals strongly suggest that AKI can promote pathology associated with chronic renal interstitial disease.
Our data strongly suggest that defects in histone methylation impair the ability to regenerate proximal tubules. More specifically, it is H3K4 methylation that appears most affected in PTIP mutants. Global levels of H3K4me2/3 appear reduced, although we cannot distinguish whether this is due to a complete absence at a subset of promoters and enhancers or whether this is just a proportionate reduction at all H3K4me sites. PTIP mutant proximal tubules already show low levels of H3K4me3 that remain low after AKI and recovery, which in the PTIP-kidneys is characterized mostly by scarring and formation of fibrotic plaques. While immunostaining for H3K4me3 can be difficult to quantitate fro section to section, using the EGFP Cre reporter alleles allows us to examine both PTIP-cells and PTIP+ cells in the same kidney sections taken from the Paxip1 f/f :Pepck-Cre animals for a direct comparison.
Epigenetic changes have been described in models of AKI (43, 44) , but it was not clear whether these were necessary for repair or what proteins may be driving such changes. Our data suggest that H3K4me3 can be suppressed in differentiated proximal tubules without gross abnormalities evident in renal histology or function, as observed in uninjured PTIP-kidneys.
The data also suggest that the Pepck-Cre mediated PTIP deletion may be occurring so late in differentiation such that sufficient H3K4me has already occurred and is stable enough for maintaining renal function. However, expression of genes induced by AKI is inhibited in these injured tubules suggesting that de novo H3K4me3, as mediated by the PTIP-MLL3/4 complex, is essential for driving cells back into mitosis and activation genes such as Sox9 which are essential for regeneration.
Other examples of epigenetic memory in differentiated renal epithelial cells include the lack of phenotype upon deletion of the Pkd1 gene in adults. Deletion of either Pkd1 (45) or Pkd2 (46) in developing kidneys promotes rapid and widespread renal cyst formation. While it was initially proposed that renal cysts form as a result of a loss of heterozygosity at the Pkd1 or Pkd2 locus (47, 48) , induced conditional null mutations in adult mice do not form cysts very efficiently (13) . However, upon renal AKI, mice whose renal epithelial cells are Pkd1 null or are missing primary cilia entirely, now generate cysts in the recovery phase after injury (14, 15, 49, 50) . These results suggest that re-entry into mitosis is a prerequisite for cystogenesis in cells that have lost both copies of either Pkd1 or Pkd2. Thus, development of the cystic disease phenotype requires not only a loss of heterozygosity in either polycystic kidney gene but also an acute injury event that drives some mutant cell into the cell cycle. Similarly, regulation of Pkd2 by the transcription factor HNF1b is seen in developing kidneys, but deletion of HNF1b in terminally differentiated cells has no effect on Pkd2 gene expression (16) . Once again, when kidneys are injured, HNF1b is required to activate or maintain expression of Pkd2 after recovery.
These data and ours indicate that the H3K4 methylation machinery, while not immediately required for terminally differentiated cells, still remain essential if and when such cells are required to divide again. This can have important clinical implications as more efforts are geared towards developing anti-cancer drugs that target epigenetic modifying complexes such as the Mlls in leukemia or Ezh2 in prostate and other cancers (51, 52) .
While the loss of PTIP in proximal tubules did not lead to a reduction in measurable renal functions, we did observe an increase in mortality after folic acid, suggesting that the PTIPanimals were partially sensitized to AKI. The detection of Lcn2/Ngal in PTIP-kidneys prior to injury also was consistent with sensitization, as Lcn2 is considered one of the earliest biomarkers for injury (53) . That we see low levels of expression in the more distal nephron is consistent with the known localization of the highest levels of Lcn2 after AKI, which are more distal despite the injury being more proximal (54) . The reduction in proliferating cells at early times after injury and the lack of Sox9 induction must underlie the failure of surviving proximal tubule cells to repair. Still, many PTIP-cells survive the initial insult but end up in the interstitium having lost their epithelial makers. Such PTIP-cells did not reflect an epithelial-tomesenchymal transition, as no expression of aSMA or PDGFra co-stained with the lineage tracing marker EGFP. Our data suggest that PTIP and MLL mediated H3K4 methylation must be needed for the activation of regeneration specific genes and pathways. Thus, patterns of histone methylation appear sufficiently stable in non-dividing cells to maintain phenotypes but a response to injury and re-entry into mitosis must require new H3K4 methylation.
MATERIALS AND METHODS
Animals
All animals used complied with the Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory Animals and approved by the University Committee on Use and Care of Animals at the University of Michigan. Mice were housed in a specific pathogen-free facility with a 12-hr light, 12-hr dark cycle and given free access to food and water. Paxip1 f/f ; mT/mG; Pepck-cre mutated mice (PTIP-) were obtained by crossing the Paxip1 f/f mice strain (55) with the reporter Gt(Rosa)26Sor tm4(ACTB-tdTomato,-EGFP)luo mice strain (Jackson Labs, Stock No. 007676), and the Pepck-Cre transgenic mice. The Pepck-Cre transgenic mice were generated by targeted single-copy transgenesis in embryonic stem cells (a gift from Volker H. Haase (22) . For genotyping, genomic DNA was prepared by a standard method and amplified by PCR using the following primer pair sets: intraperitoneally with a single dose of 250 mg/Kg of folic acid in total volume of 500 µl of 0.15M NaHCO3 as described previously (56) . Because of the high percentage of death, PTIPmice were put under constant observation for the first 48 hours after injection. Mice were then sacrificed at 2, 7, 14 or 28 days after injury and blood samples were obtained from the abdominal aorta for renal function tests. Immediately, mice were perfused with cold PBS to improve fixation and tissue processing. Age match 3-4 mice were taken of each genotype and kidneys were harvested; one kidney of each was used for histology, and the other kidney was freshly frozen and used for protein, and RNA analysis.
Histology and Immunostaining
Kidneys slides were fixed overnight in 4% PFA and processed for OCT or Paraffin-embedded, and sections of 5µM were used for histology (Hematoxylin and Eosin H & E, Masson's trichrome).
Immunofluorescence detection was done using a modified version of published protocols (57) . For histone methylation staining, we utilized rabbit anti-H3K4me3 (Cell Signaling #9751) and rabbit anti-H3K4me2 (AbCam #ab7766). Rabbit anti-PTIP were generated against the GST-fused mouse PTIP residues 316-591 and purified on protein A agarose (58) . Images were collected using an Olympus DP72 camera (Olympus America Inc.). Saved images were analyzed using MetaMorph Version 7.7.4 (Molecular Devices Inc.) and confirmed with ImageJ analysis. The sampling area was outlined, and MetaMorph calculated the proportion of surface areas with signals above a given threshold. At least 15 images were used to calculate the average surface area for each time point and repeated at least once having the same results.
Western Blot
Half of each fresh frozen kidney was used for protein analysis, and kidney extracts were prepared as briefly described in (59, 60) . Tissue was homogenized in RIPA buffer (R0278, Sigma), and supplemented with freshly added protease inhibitor cocktails (Roche Diagnostics). Crude lysates were centrifuged at 14,000g for 10 min, and the protein concentration was measured using the BCA Protein Assay Kit (23227, Pierce). Samples were mixed in 2X SDS/PAGE sample buffer, separated on gradient precast polyacrylamide gels and transferred to PVDF membranes (Millipore #IPFL00010). For acid extraction of histones, we used the Abcam kit (ab113476) according the manufacturer's instructions. Specific proteins were detected with primary antibodies and horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) using Western Lightning Enhanced Chemiluminescence (Pierce). The following antibodies were purchased: mouse anti-αSMA (Sigma Cat # A5228)), rabbit anti-β-Actin (Sigma Aldrich, Cat # A2066), rabbit anti-GAPH (Cell signaling, Cat # 2118S), rabbit anti-H3K4me3 (AbCam, Cat. #ab8580), rabbit anti-Slc34a3 (ThermoFisher PA5-95706), and rabbit anti-PTIP (61) . Blots were scanned and analyzed for band intensities by using ImageJ software analysis. 
Renal Function tests
Statistical Analyses.
Each experiment was performed using at least three mice per group and repeated in entirety at least once using different software measurement and producing similar results. For micrographs, specific areas were measured over 15-20 images. For cell proliferation counts, nuclei were counted from 5 low-power fields for three different kidneys. For western blotting, three independent kidneys lysates were run and protein levels measured by densitometry scanning of autoradiographs at appropriate exposures in the linear range. Averages and standard deviations were calculated using GraphPad Prism7 version 7.0d and significant assessed by twoway ANOVA using the PRISM software. P values < 0.05 were considered to be significant. (8), p < 0.05 by 2way ANOVA analyses. C) Paraffin sections of PTIP+ and PTIP-kidneys stained with antibodies against H3K4me3 (red) and either Kim1 (blue) to mark injured tubules or GFP (green) to mark active Cre recombinase, as indicated. Note near uniform staining intensity of nuclei in PTIP+, but decreased staining intensity in many PTIP-nuclei (arrows) in tubules that show active Cre. At 2 days post AKI, PTIP+ kidneys also show reduced H3K4me3 staining in injured Kim1+ tubules. PTIP-kidneys continue to sow reduced H3K4me3 staining in tubules but not glomeruli (*). By 28 days post AKI, PTIP+ tubules exhibit more uniform H3K4me3 staining whereas PTIP-kidneys still show weak staining in GFP+ tubules. Also note the GFP+ clusters that no longer appear as tubules (arrows). 
